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A summary, from an experimental perspective, of the 52nd Rencontres de Moriond session on
Electroweak Interactions and Unified Theories is presented.
1 Introduction
The 52nd Rencontres de Moriond session on Electroweak Interactions and Unified Theories
provided, in the usual tradition, a forum for the presentation of a wide range of new results
in experimental particle physics. In addition, vibrant discussions continued throughout the
week, both in the sessions themselves, on ski lifts and pistes, and over meals, coffees and other
beverages. In the age of social media, the discussion is no longer limited to those present at the
meeting, and physicists (and sometimes other interested parties) from around the world have
also had their say, for example by following @ Moriond on Twitter. In the following, these
new results and some of the resulting discussion are summarised. For reasons of brevity, and to
preserve the sanity of the author, many interesting topics are unfortunately excluded from the
summary.
To start, it is perhaps helpful to recollect the situation at the end of the 51st Rencontres de
Moriond, one year ago. The experimental summary at that time [1], contained discussion of a
possible signature of a new state, with mass near 750 GeV, for which there were indications in
the diphoton invariant mass spectra of both ATLAS [2] and CMS [3] experiments. Subsequent
updates of these searches with larger data samples [4,5] revealed distributions that are consistent
with the background-only expectation; hence the excitement surrounding this possible new state
rapidly dissipated. Among several interesting lessons which can be learned from this episode,
perhaps the most important is the salience of the 5σ threshold usually required to claim an
observation in particle physics. This is worth remembering at all times, and particularly when
looking at a summary, such as this one, which is likely to focus attention on whichever anomalies
happen to be causing excitement at a given time.
The absence of any clear discovery of new phenomena beyond the Standard Model (SM) at
the LHC is sometimes presented as a “failure”. Although this appears to be the era of fake news,
our community should not allow this view to take root. In fact, the LHC has been astonishingly
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successful, with the delivered luminosity in 2016 – shown in Fig. 1(left) – so high that the
experiments have needed to adjust their operations and computing models accordingly. The
experiments in turn have also been successful, producing voluminuous publications describing
their exploitation of the data. [A downturn since 2011 in the number of submissions per year
in the hep-ex category of the arXiv server [6], shown in Fig. 1(right), appears to be due to a
decrease in the number of conference notes and proceedings that are submitted, rather than a
reduction in new results.] A (perhaps idealistic) description of an experimentalist’s task is to
explore what the data tell us, without bias; by any measure the LHC experiments appear to be
succeeding in that task. This exploitation of the data is indeed leading to many new discoveries,
including the recent observation of five new excited Ωc states in the same mass spectrum [7,8].
However, it will always be possible that signals are waiting to be found and that we are simply
not looking in the right place or in the right way. New ideas to exploit better the data are always
needed. Thus, while we certainly have not failed, it is also true that we have not yet succeeded
as much as we would like.
Figure 1 – (Left) Delivered luminosity to the four main LHC experiments during 2016. (Right) Number of
submissions per year in the hep-related categories of the arXiv preprint server [6].
2 The BEH scalar boson
In July 2017, we will celebrate the 5th birthday of the SM scalar boson [9–12]. Five years is
still a very young age, and while the main features of the BEH boson such as mass and spin are
established, our knowledge is developing at a rapid rate. (For comparison, we are still learning
a great deal of fundamental physics from the beauty quark, as it reaches its 40th birthday, and
the muon, which is now a venerable 80 years old.)
The
√
s = 13 TeV pp data sample collected by ATLAS and CMS in 2015 and 2016 allows
significant improvement in understanding the BEH boson. A study by CMS of the H → ZZ∗ →
4` decays, shown in Fig. 2(left) provides the single best measurement of the BEH mass to date,
mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV [13–15], corresponding to about 0.2% precision.
The same analysis allows a limit to be put on the width of ΓH < 1.1 GeV at 95% confidence
level, still far above the SM expected value. This limit, obtained through on-shell production,
is not as constraining as results obtained from off-shell production [16, 17] but relies less on
theoretical assumptions. Various measurements of the production and decay rates of the BEH
boson are consistent with SM expectations, as summarised in Fig. 2(right) [18]; updates of these
measurements with Run 2 data will provide more detailed insight.
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Figure 2 – (Left) Selected candidates contributing to the determination ofmH fromH → ZZ∗ → 4` decays [13–15].
The y-axis shows a variable that discriminates between signal and background, the colour and marker shape
indicate event category, and the error bar is the event-by-event estimate of the uncertainty on m4`. (Right)
Contours showing contraints on BEH boson production rates, normalised to the SM expectation, for (x-axis)
fermionic production and (y-axis) bosonic production [18].
It is crucial to be compare measurements and predictions of BEH couplings for bosons,
quarks and leptons, and for different fermion families, but several key production and decay
modes remain to be discovered. A new result from ATLAS on H → µ+µ− [19–21] sets an
upper limit on the cross-section times branching ratio at 2.8 times the SM prediction at the 95%
confidence level, indicating that a very interesting level of sensitivity is being reached. There
are also exciting prospects for new and improved results on the H → bb¯, τ+τ− and Zγ channels
in the near future. Another extremely important channel is the tt¯H production mode, which
allows the Yukawa coupling of the top quark to be determined through a tree-level process
(and therefore complements existing loop-level measurements). New results using multilepton
final states have been presented by CMS [22, 23]; while a visible excess, corresponding to 3.3σ
significance, can be seen in the same sign dilepton channel shown in Fig. 3(left), combining all
data it seems premature to make strong claims for signatures of tt¯H production. Updates with
larger Run 2 data samples are expected to allow more definitive statements.
Perhaps the most interesting as-yet-unmeasured property of the BEH boson is its self-
coupling. Measurements of this quantity are crucial to test the shape of the BEH potential,
and thus test the origin of electroweak symmetry breaking. A new result from CMS uses the
bb¯τ+τ− mode, combining data in three τ+τ− final states [24–26]. No significant excess over
background is seen, and when interpreting the results in terms of the H∗ → HH process an
upper limit of 28 times the SM expectation is set, at 95% confidence level. (The results can also
be interpreted in terms of limits on the production of a hypothetical new resonance that decays
to HH, as shown in Fig. 3(right).) Measurement of the Higgs self-coupling at the SM level is
expected to require the full HL-LHC statistics and combination of data from ATLAS and CMS.
Determination of the quartic Higgs self-coupling will be even more challenging.
3 Global fits to sectors of the Standard Model
3.1 The electroweak sector
The mass of the BEH boson is one of the crucial inputs to the fit of electroweak sector of the
SM [28,29], as shown in Fig. 4. The other most important inputs are:
• The mass of the top quark mt. This has been measured in numerous channels by both
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Figure 3 – (Left) Combination of the multivariate classifier (BDT) outputs in the bins used for signal extraction,
for the same-sign dilepton channel [23]. Evidence for tt¯H production can be seen as an excess of the orange/red
component at large BDT bin values. (Right) Limits on production of a hypothetical X particle, as a function of
its mass, decaying to HH, obtained through different final states [24].
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Figure 4 – Results of fits to the electroweak sector of the SM [27] in terms of (left) mW vs. mt and (right) mW
vs. sin2
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)
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Tevatron [28, 30] and LHC [31] experiments. The most precise single measurement from
the Tevatron is by the D0 experiment in the lepton+jets channel [32]; this result therefore
has the largest weight in both a Tevatron combination that results in mt = 174.30 ±
0.65 GeV [33], as shown in Fig. 5(left), and a D0 combination [34]. The most single
precise measurement from the LHC is by the CMS experiment in the same lepton+jets
channel [35]; this correspondingly has the largest weight in the LHC combination [36]
shown in Fig. 5(right). Although many of the measurements are systematics limited,
many of the sources of systematic uncertainty are not correlated between the different
analyses, and therefore there is still room for improving the precision of the average with
more data.a
• The squared sine of the effective weak mixing angle, sin2(θ`eff). The most precise measure-
ments of sin2
(
θ`eff
)
remain those from the LEP and SLD experiments [38], but results from
the Tevatron are reaching comparable sensitivity [39], as shown in Fig. 6(left) [28, 29, 40],
a Among the many interesting results not discussed in detail in this summary, there is a wealth of important
new data on top quark production and decays, including studies of the tt¯V coupling (where V is a gauge boson),
and differential production cross-section determinations [31,37].
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Figure 5 – Combinations of determinations of the top quark mass mt from (left) the Tevatron [33] and (right) the
LHC [36] experiments.
with further improvement still to come. Results from the LHC experiments are not yet as
precise, but are based on subsets of the now available data samples and therefore there is
good scope for improvement. At energies below the Z pole, several planned experiments
are expected to be able to improve the precision of tests of the running of the weak mixing
angle, as shown in Fig. 6(right).
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• The mass of the W boson, mW . Until recently, knowledge of this quantity has been
dominated by results from the Tevatron experiments, where the latest combination gives
mW = 80.387 ± 0.016 GeV [28, 42]. However, the ATLAS collaboration has recently re-
ported a result of mW = 80.370± 0.007 (stat)± 0.011 (exp syst)± 0.014 (model syst) GeV
based on their data sample recorded in 2011 at a pp centre-of-mass energy of 7 TeV [43,44].
The measurement is performed by comparing templates obtained at different values of mW
to the spectra of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, as shown in Fig. 7. Careful calibration
of the detector response is required to minimise the experimental systematic uncertainty.
The dominant uncertainty arises due to modelling effects, in particular due to knowledge of
the parton distribution functions (PDFs) and of the W pT distribution [43,45]. These un-
certainties can be reduced in future, although significant effort including special LHC runs
will be necessary. Measurements in different fiducial regions will also be important [46].b
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Figure 7 – (Top) pT distributions for candidate muons and (bottom) mT distribution for candidate electrons
from W decay [44]. The figures are separated into the cases with (left) positively and (right) negatively charged
leptons.
The issue of PDF uncertainties that affects the mW measurement is one that has impact
across a broad range of LHC measurements. As the precision improves various subtle effects, such
as the impact of the charm mass, will need to be considered carefully. Nonetheless, numerous
observables can be used to help reduce such uncertainties, and there are therefore good prospects
for data-driven progress [40, 45, 50]. Another interesting example of LHC data being used to
constrain similar types of uncertainties comes from an LHCb measurement of p¯ production in
pHe collisions [51, 52]. This is achieved by injecting a small amount of gas into the interaction
region, using a system designed to allow measurements that help to better understand the LHC
beam profile [53,54]. The results will help to constrain uncertainties the limit the interpretation
of the p¯/p ratio in cosmic rays [55, 56]. One more example of a related measurement is that of
the proton-air cross-section, which has been determined at high energies by the Pierre Auger
observatory [57–59].
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3.2 The CKM matrix
Just as the electroweak sector of the SM can be overconstrained in fits, so can the flavour
sector: this is usually represented in terms of the parameters of the CKM [62, 63] Unitarity
Triangle shown in Fig. 8(left). While both sectors are ideal for precision tests, in the flavour
sector most measurements are statistically limited and therefore significant further improvement
can be anticipated. Indeed, the improvement in sensitivity to new physics energy scale from the
current situation to that which can be expected with results from the Belle II experiment [64,65]
and the LHCb phase 2 upgrade [66] corresponds to a factor of 2.7–4, and as such is comparable
to going from an LHC pp collision energy of 8 TeV to 21–32 TeV [67].
New results relevant to the CKM fit include a theoretically pristine determination of the
angle β of the Unitarity Triangle using B → Dh0 and subsequent D → K0Spi+pi− decays,
where the known strong phase variation across the Dalitz plot of the neutral D meson decay
allows both sin(2β) and cos(2β) to be measured [68]. The new measurement is obtained from
a simultaneous joint analysis of BaBar and Belle data, and allows the ambiguous solution for
sin(2β) with cos(2β) < 0 to be definitively ruled out [69]. The angle γ is now known to around
6◦ precision, thanks to new results on B → DK and related modes from LHCb [61,70,71], and
a new result on the weak phase difference between B0s → J/ψK+K− decays with and without
oscillations, obtained from the high K+K− mass region [72], improves the world average as
shown in Fig.8(right).
In the charm sector, constraints on CP violation in D0–D0 oscillations are becoming in-
creasingly precise, mainly due to new results from LHCb [7, 73, 74]; however the interpretation
of these constraints is limited by a lack of knowledge of the mixing parameter xD = ∆mD/ΓD,
which is consistent with zero within about 2σ [61]. (Here ∆mD is the mass difference between
the physical eigenstates and ΓD is their average width.) It is of utmost importance for the charm
physics community to improve the knowledge of xD so that future prospects for CP violation
searches can be reliably assessed.
b There are also a huge number of results related to electroweak boson production that are not mentioned in this
summary. Among the most interesting are measurements of the differential production rates, with observations
of V V production with 13 TeV data expected soon [47–49].
3.3 The PMNS matrix
Mixing in the lepton sector is described by the PMNS [75, 76] matrix, in close analogy to the
CKM matrix for the quark sector. The analogy is not perfect, since neutrinos are massless in
the SM, but holds for the current discussion. Measurements of the parameters of the PMNS
matrix are high priorities in neutrino physics, with particular focus on the CP violating phase
δCP . The latest results from the long-baseline oscillation experiments with off-axis detectors
NoνA and T2K, as well as from the reactor experiments Daya Bay and Double Chooz [77–80],
give precision on sin2(θ13) that makes it now the best measured neutrino mixing angle. The
octant of θ23, i.e. whether sin
2(θ23) is > or < 0.5 is still to be determined, as shown in Fig. 9.
As regards the mass hierarchy, normal ordering is preferred over inverted ordering, but not yet
at a definitive level of significance [81]. Similarly, while current data disfavour certain values
of δCP , global analyses do not give a significant rejection of CP conservation. More data and
upgrades at NoνA and T2K, and the next generation experiments DUNE and HyperK, will give
significant improvements in sensitivity and should be able to resolve all these issues.
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The existence of sterile neutrinos would cause the PMNS matrix to be non-unitary, as the e, µ
and τ neutrinos would mix with the extra state(s). Several results have hinted at such anomalous
mixing, motivating a number of new experiments to provide improved measurements [80,85–87].
One particularly innovative analysis is the combination of data from MINOS, which is sensitive
to sin2(θ24) [88], and from Daya Bay, which is sensitive to sin
2(2θ14) [89]. The combination
allows constraints to be placed on sin2(2θµe) ≡ sin2(θ24) sin2(2θ14). This is the observable to
which the LSND and MiniBooNE experiments were sensitive and reported results in tension with
the conventional three-neutrino scenario [90, 91]. The results of the combined analysis [80, 92],
shown in Fig. 10(left) are consistent with the absence of sterile neutrinos.
Very short baseline reactor experiments are also sensitive to oscillation phenomena involving
sterile neutrinos. Since the neutrino spectrum from reactors is not well understood, it is impor-
tant to be able to obtain results at different baselines, ideally with the same detector. This is
one key concept behind the design of the DANSS experiment, the preliminary first results from
which are not consistent with the currently favoured parameters [85]. The sensitivities of several
very short baseline reactor neutrino experiments are compared in Fig. 10(right) [86,93].
3.4 Ultra-precise tests
The studies of sectors of the SM discussed above are complemented by a range of ultra-precise
tests of specific topics. These include the spectroscopy of antiprotonic helium, which provides a
measurement of the antiproton to electron mass ratio to a precision of < 10−9 and allows tests
of CPT symmetry [94, 95]. These results can be interpreted as providing constraints on a fifth
force, as can precision tests of gravity at short distances [96,97].
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Figure 10 – (Left) Constraints in the plane of ∆m241 vs. sin
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2(2θee) plane from several very short baseline reactor neutrino experiments
compared to regions preferred by global fits [93].
4 Searches for physics beyond the Standard Model
4.1 High pT signatures
The SM is known to be an effective theory, valid only at energies below some cut-off scale. It is
not known with certainty at what scale physics beyond the SM should emerge, but arguments
based on “naturalness” suggest that the TeV scale is likely (see, for example, Ref. [98]). The
use of the phrase “natural” in this technical sense can cause confusion. The recent “paella-gate”
controversy provides a tenuous analogy: one may na¨ıvely think that the delicious Valencian
dish paella may be improved by the addition of the tasty Spanish sausage chorizo, but this is
incorrect – it is unnatural to do so. Similarly, there are only certain ways to augment the SM
that a purist may consider acceptable.
Supersymmetry is a good example of a “natural” extension to the SM, which it is therefore
well motivated to search for. The ATLAS and CMS experiments have performed an astonishing
amount of work to carry out these searches, analysing their 13 TeV data samples within short
turn-around times from the completion of data taking [99–101]. It seems unfair to those who
have invested such time and effort into this work to summarise it only with exclusion limit plots
such as those shown in Fig. 11; unfortunately, in the continuing absence of any evidence of a
signal, it is also inevitable.
Although the searches mentioned above are characterised as being “SUSY searches”, they
may also be sensitive to other models. Similarly, generic signatures of physics beyond the SM
such as invariant mass peaks in dijet, dilepton or diboson distributions are of great interest.
The dijet final state suffers from copious background [104], which has been handled in ATLAS
with a sliding window mass fit [105] and in CMS with a novel data scouting approach for the
low mass candidates [106], illustrated in Fig. 12(left). Among the dilepton final states, new
results on W ′ → eν – shown in Fig. 12(right) – and µν allow limits at the level of 4–5 TeV to be
set [107–110]. In the diboson channels, where jet grooming techniques are becoming increasingly
important to handle effects of pile-up, a small excess in the ATLAS VH data at ∼ 3 TeV is not
seen in the CMS data, with the excluded region reaching up to around 2.5 TeV [111–113]. Many
other signatures have also been investigated [114].
Since no clear sign of physics beyond the SM has emerged at the energy frontier with the
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Figure 11 – Limits on (left) chargino-neutralino pair production from CMS [102] and (right) stop pair production
from ATLAS [103].
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13 TeV LHC data, one may be tempted to conclude that the new physics energy scale is out
of reach of the LHC. However, this would be premature. Significant increases in sensitivity
anticipated with larger data samples [115, 116]. For example, the lower limits on the stop mass
which is currently at about 1.1 TeV can be pushed up to 1.5 TeV with 300 fb−1 and around 2 TeV
with the full HL-LHC sample of 3000 fb−1 [115]. However, increasingly strong limits also provide
motivation to develop and pursue different ideas. Searches for more exotic signatures, such as
lepton flavour violation, can be sensitive to weaker couplings [107].
The concept of new states that are weakly coupled to the SM motivates searches for long-lived
particles. Here, “long-lived” may mean that these particles are effectively stable in the detectors,
in which case they may be detectable through their dE/dx distribution [117]. Or it may mean
that they decay inside the detector material, giving signatures of kinked or even disappearing
tracks. The ATLAS inner B layer (IBL) that was installed during the LHC long shutdown
enhances sensitivity to such models [118,119]. The geometry of the LHCb vertex locator provides
unique sensitivity to particles that may be produced in decays of heavier states (whether SM
such as B mesons or new heavy states) and travel . O (1 m) before decaying [120–122]. The
results of all such searches to date are, however, null.
4.2 Signatures in rare decays of SM particles
Physics beyond the SM can also be manifest in certain rare or forbidden SM processes. Indeed,
historically there have usually been signals appearing in such processes before discoveries at the
energy frontier. The heavy quark sector is ideal for searches for deviations from SM predictions,
since: (i) the SM has a highly distinctive flavour structure that may not be replicated in extended
models; (ii) for certain processes the SM predictions have low theoretical uncertainties.
Among the golden modes for such searches are the dilepton decays of B mesons. In the SM,
these are predicted to have small branching fractions due to the “helicity suppression” caused
by the small lepton masses (compared to the B mass) and the V − A structure of the weak
interaction. The rates for neutral B meson decays are further suppressed by the absence of tree-
level flavour-changing neutral-currents in the SM. New results from LHCb, including Run II
data, on B0(s) → µ+µ− [123,124] give the first single experiment observation of the B0s mode, as
shown in Fig. 13. (This follows a previous combined analysis of LHCb and CMS Run I data [125]
and an independent result from ATLAS with slightly less sensitivity [126]). The results of all
measurements are consistent, but the significance of the B0 decay, which is further suppressed
compared to its B0s counterpart by the ratio of CKM matrix elements |Vtd/Vts|2, has reduced
from its previous value just touching 3σ. LHCb has also presented the first direct limits on
B0s → τ+τ− [127]. These results put strong constraints on models that extend the SM with new
scalar or pseudoscalar interactions.
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As regards the leptonic decays of charged heavy flavour mesons, results from Belle on the
B+ → τ+ντ decay [128, 129] have a signal significance of 4σ, with the measured branching
fraction consistent with the SM. Measurements from BESIII of the D+ and D+s decays to µ
+νµ
and τ+ντ [74, 130], including first evidence for the D
+ → τ+ντ mode, are in good agreement
with the SM predictions that rely on lattice QCD calculations.
The pattern of branching fractions predicted by the SM for BEH boson decays is also highly
distinctive, and therefore rare BEH decays are also of much interest to test the SM. An example
is a search by CMS for H → a1a1, where a1 is a new (beyond SM) light boson that decays (in
this case) into a dimuon pair [131, 132]. No significant signal is seen. Another good example
is the lepton flavour violating decay mode H → τ±µ∓, where a slight excess had been seen by
CMS in Run I data [133], which results from ATLAS [134] and from a subset of CMS Run II
data [135] are not sensitive enough to exclude.c
4.3 Dark matter searches
There are several observational facts about our Universe that are not explained by the SM.
These range from things which have been known essentially forever (gravity exists), to things
that have become known relatively recently following sophisticated obervations (there is some
kind of dark energy fuelling the accelerating expansion of the Universe). Somewhere in between
is the knowledge that there must be dark matter that explains, inter alia, the observed rotations
of galaxies. Despite the exciting discovery that “Dark Matter” is a Scottish spiced rum,d there
remains no certain understanding of whether the solution to this mystery has implications for
particle physics. Nonetheless, there are strong arguments that make scenarios such as the WIMP
hypothesis very attractive, motivating increasingly precise searches.
Searches for WIMPS proceed in several complementary ways. In case such particles are
produced in high energy pp collisions, they are expected to leave signatures of missing energy
in the ATLAS and CMS detectors. The results of many of the searches discussed in Sec. 4.1, or
modified versions of those searches, can be interpreted as setting limits on the WIMP parameter
space [137, 138]. This is often referred to as “indirect detection” in constrast to the “direct
detection” experiments looking for signals of dark matter particles scattering of the material in
their detectors. An example of the latter is the large scale liquid Xenon LUX detector, which
has reported new spin-dependent limits, as shown in Fig. 14 [139,140].
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Figure 14 – Upper limits on the (left) WIMP-neutron and (right) WIMP-proton spin-dependent cross-sections,
at 90% confidence level, from LUX (dark line) [140]. The 68% and 95% ranges for the expected sensitivity are
shown in green and yellow, together with results from previous liquid Xenon (PandaX-II and XENON100) and
other experiments. In the WIMP-neutron case, model-dependent LHC search results are shown by dashed lines.
The favoured parameter space in each of two MSSM analyses is shown in peach or gray.
For low mass WIMPS, different detection techniques have better sensitivity. In the PICO60
experiment, dark matter is searched for by looking and listening (with visual and audio detectors)
for bubbles that would be caused by WIMP interactions in superheated freon.e The obtained
limits [141,142] can be seen in Fig. 14(right). At even lower WIMP mass, CCDs can be used to
detect ionisation caused by nuclear recoil following coherent elastic scattering of the dark matter
particle. The DAMIC experiment has obtained results using this technique [143, 144], and has
c Since Moriond, an updated analysis with more CMS Run II data [136] results in significantly stronger limits
on the H → τ±µ∓ branching fraction.
d This perhaps went undetected for a long time since the idea of rum from Scotland is far outside the Standard
Model of distillery.
e Since smelling and tasting the freon is unadvisable, this seems a good choice of senses to use.
excellent prospects for improvement in sensitivity with larger scale detectors – as indeed do the
other approaches for WIMP searches discussed here.
Gamma ray observatories can also be used to search for signatures of dark matter annihila-
tion. There are several approaches, including studies of the galactic centre, of dwarf galaxies, of
galaxy clusters and of substructures in the galactic halo. Studies of dwarf galaxies are partic-
ularly interesting as these are expected to be the most dark matter dominated systems in the
Universe. There is, however, no clear signal for dark matter annihilation in results from HESS
and Fermi [145–147].
The range of detection approaches available means that there are good prospects to detect
WIMPs in the near future, if they have masses in the GeV to TeV range and scattering cross-
sections not too far below the current bounds (as predicted in many models). The scaling of
sensitivity achieved with background-free detectors cannot continue indefinitely due to the so-
called “neutrino floor” due to coherent scattering off the detector material of solar, atmospheric
or supernova neutrinos, but this is not yet a limitation. However, since much of the preferred
phase-space for certain models has been ruled out there is also good justification to consider
alternative explanations of dark matter, including axions and other scenarios [148]. One inter-
esting class of models contain a dark sector, which may mix with the SM through a dark photon.
The BaBar experiment has performed a range of searches for dark photons, the most recent of
which targets their invisible decay, and hence is particularly sensitive in case the coupling to the
SM, , is small. Limits on  at the level of 10−3 up to dark photon masses of around 10 GeV are
obtained [69,149].
4.4 Understanding the origin of neutrino mass
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on T 0ν1/2.
As mentioned previously, neutrinos are massless in the SM and therefore it is a pressing
question as to how their mass should be explained. This is arguably the most fundamental
question in particle physics, since it may involve extending the SM by introducing a new type
of field: a Majorana fermion. The most sensitive way to test the nature of neutrino mass
is through neutrinoless double beta decay, which is being pursued by a number of highly so-
phisticated experiments worldwide. The GERDA experiment has achieved a preliminary 90%
confidence level lower limit of the neutrinoless double beta decay half-life T 0ν1/2 > 5.3×1025 yr in
76Ge [150, 152], as shown in Fig. 15(left). The KamLAND-Zen experiment has achieved (after
dealing with 100mAg background due to nuclear fallout from the Fukushima catastrophe) a limit
of T 0ν1/2 > 1.1× 1026 yr in 136Xe [151, 153], as shown in Fig. 15(right). Translating these results
into constraints on the effective neutrino mass requires knowledge of nuclear matrix elements
and is therefore somewhat model dependent, but the limits are starting to approach the region
where signals are expected in the case of inverted neutrino mass hierarchy. Significant improve-
ment is expected with the inclusion in the analysis of more data in the current experimental
configuration, with more data that will be recorded after detector upgrades, and (longer term)
with even more data that can be obtained with larger scale experiments.
5 Anomalies (of varying significance) – a.k.a. “pink unicorns”
While the overall picture is one of consistency with the SM, and no clear signal of physics
beyond the SM emerging (apart from the longstanding areas of dark matter and neutrino mass),
there are indications in several observables that – optimistically – could potentially evolve into
discoveries as the precision improves. Of course, this is always the case: with the huge number
of measurements being made, it is to be expected that one or two may have significance above
3σ just due to (statistical or systematic) fluctuations. Thus, it is essential to keep in mind that
the 5σ threshold usually required to claim a discovery in particle physics is there for a reason.
There are indications of violation of lepton universality in semileptonic B decays. The
observables R(D(∗)) ≡ B (B → D(∗)τντ) /B (B → D(∗)`ν`) have been found to be larger than
their SM expectations by all of BaBar, Belle and LHCb [128,154–161],f with the world average
shown in Fig. 16. (In the definition of R(D(∗)), ` can be either electron of muon, although
only muons are used in the LHCb measurements.) The discrepancy between the average of the
experimental measurements, which are self-consistent, and the SM prediction is at the level of
4σ. More precise measurements are clearly needed.
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Also related to lepton universality violation are the similar ratios for the neutral current
semileptonic decay channels: R(K(∗)) ≡ B (B → K(∗)µ+µ−) /B (B → K(∗)e+e−). Within the
SM this ratio should be equal to one up to small corrections due to lepton masses and QED
effects. LHCb has measured R(K) in the q2 = m2(`+`−) bin from 1 to 6 GeV2/c4, finding a value
2.6σ below the SM [162, 163]. New resultsg on R(K∗) in the bins 0.045 < q2 < 1.1 GeV2/c4 and
1.1 < q2 < 6.0 GeV2/c4 are also below the SM prediction [164], each with significance of 2–2.5σ.
f Results from LHCb on B → D∗τντ with the τ lepton reconstructed in the three-prong final state [161],
which at Moriond were “coming soon”, have been included in this discussion.
g The LHCb results on R(K∗), which at Moriond were “coming soon” [162], have been included in this
discussion.
These results complement the numerous other observables that have been studied in B →
K(∗)`+`− decays, including differential branching fractions and angular observables such as the
infamous P ′5 (recent reviews can be found in Refs. [165,166]). New results from ATLAS [167,168]
and CMS [169,170] complement previous measurements from LHCb [171] and Belle [172] and add
to the picture in Fig. 16(right). The averages of the data points in the bins 4 < q2 < 6 GeV2/c4
and 6 < q2 < 8 GeV2/c4 are noticeably above the SM central values, but the significance depends
on the uncertainty assigned to the prediction. This is hard to quantify due to possible effects
due to charm loops (which also explain why some experiments and theory groups do not provide
data in the bin just below the J/ψ region). However, it is important to note that data-driven
progress can be made to address this issue, for example by studying interference effects with the
charmonium resonances [173].
There are several other discrepancies between data and SM predictions that are worth recap-
ping. The anomalous muon magnetic moment, (g − 2)µ, is measured to differ by 3.6σ from the
SM value [174]; this has held up under numerous reappraisals of the theoretical uncertainty. A
new experiment will reduce the experimental uncertainty by a factor of about 2, which together
with improvement in the theory should be able to clarify the situation. The DAMA/LIBRA ex-
periment observed an annual modulation of a possible signal for dark matter interactions [175].
Results from the XENON100 experiment however significantly disfavour interpretations where
this signal is due to WIMP scattering [139,176]. A “proton radius puzzle” has emerged from pre-
cise new results of the spectroscopy of muonic hydrogen [177,178] compared to previous results
from e−p scattering and H spectroscopy; however further work is needed to rule out experi-
mental issues causing the discrepancy. Finally, new lattice QCD predictions of the parameter of
direct CP violation in the neutral kaon system, ′/ give a value about 2.8σ below the measured
value [179,180]. Unfortunately this is one area where no new experiments are currently planned,
so it may be difficult to confirm if there is a non-SM contribution to this observable, even if the
theory predictions improve further (as is also much needed). However, there are good prospects
for measurements of the rare kaon decays K+ → pi+νν¯ at NA62 and KL → pi0νν¯ at K0T0 [181].
Results from these experiments could potentially be among the highlights of the 53rd Rencontres
de Moriond in March 2018.
6 Summary
One striking feature of all the different topics discussed during the Rencontres de Moriond
is the excellent prospects for improvements in sensitivity. The LHC is performing superbly,
and upgrades of the accelerator and detectors are planned. The SuperKEKB accelerator will
soon start providing physics quality e+e− collisions to the Belle II detector. Next generation
experiments are being developed for both long baseline and reactor neutrino oscillations, as well
as to investigate the mystery of neutrino mass. Dark matter experiments are likewise preparing
to make the next jump in scale, and there are numerous new facilities being constructed to
investigate the cosmic frontier. Thus, it is clear that the Moriond series will remain a forum for
lively discussions of exciting new results for many years to come.
Will the future bring us another dramatic new discovery, comparable to that of BEH boson
five years ago? The answer may well depend on interpretations of the word “comparable”.
The BEH discovery was striking for many reasons, but not least because of its signature as a
clear invariant mass peak, on top of a smoothly varying background. This is an ideal discovery
scenario, not only for explaining to the general public, but for interpretation and acceptance
within the particle physics community. It allowed the then Director General of CERN to make
the simple declaration: “I think we have it.” But even if nature is kind enough to leave signatures
of physics beyond the SM within our grasp, and indeed the prospects for discoveries in the coming
years remain excellent, it may not be so generous to make them of exactly the type that we
most hope for. Perhaps we will spend months or years not quite sure if we “have it” or not. So,
bearing in mind that science is the new rock and roll [182], we should perhaps take inspiration
from the Rolling Stones: “You can’t always get what you want ... but if you try ... you might
find ... you get what you need.” We must keep trying.
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